Uncertainty set is used to describe the uncertain fluctuation characteristics of distributed wind power and photovoltaic (PV) output in microgrid, and the minimum total operation cost of microgrid in the extreme scenario is taken as the objective function, the robust optimization scheduling model of island microgrid is established. In the model, frequency characteristics of diesel generators, energy storage devices, lines and loads in microgrid are considered. The Benders decomposition algorithm is used to solve the robust optimization scheduling model, by decomposing the original problem into a main problem and a sub problem and using alternating iteration to solve these two problems, the scheduling scheme of minimizing the total operation cost in the extreme scenario with the highest network loss is obtained. Test results on an island microgrid show that the obtained optimal scheduling scheme can effectively deal with the uncertain fluctuation of wind power and PV output, ensure that the system frequency will not exceed the security limit, and has the characteristics of robustness.
INTRODUCTION
Microgrid is a small scale of generation-distribution-utilization power system, which integrates many kinds of distributed power, energy storage and load [1, 2, 3] . For the intermittent energy output of distributed wind power and PV plant has great uncertainty, it will bring great challenges to maintain the qualified voltage and frequency in the operation of microgrid, and increase the security risk of the operation. Therefore, how to adapt to the uncertainty of all kinds of distributed energy output, and to realize the economic operation is the main difficulty of the optimal scheduling problem of microgrid.
At present, uncertainty optimization methods such as stochastic programming and robust optimization are always used in the optimal scheduling of microgrid with uncertain factors. Literature [4] considers the uncertain factors of system, and the stochastic chance constrained programming method is adopted to solve the stochastic optimal planning problem of island ____________________________ School of Electric Power Engineering, South China University of Technology, Guangzhou, Guangdong Province, China 510640 microgrid; Literature [5] establishes a stochastic optimization model of microgrid containing electric vehicles and distributed energy, and models the uncertainty of "source storage"; In literature [6] , an adaptive stochastic optimization algorithm is proposed, which takes into account the uncertainty of loads, electricity price and energy output of microgrid; For stochastic programming method needs to know the probability distribution model of uncertain variables in advance, a large number of statistical analysis job is needed, which increases the complexity of the problem. Robust optimization describes the fluctuation range of uncertain variables, so it has better generalization performance. For example, in literature [7] , an uncertain set of power output is proposed, and the coordinated control of "source storage" is considered, and a robust model of generalized energy optimization is established; Literature [8] uses a box set to express the uncertainty of wind speed to program the installed capacity of wind farm connected to grid; Literature [9] establishes a multi-objective robust optimization scheduling model of large scale intermittent power source. In addition, the existing optimization scheduling model of microgrid always uses constant power load models, and the reactance of lines is also constant, which ignores the frequency characteristics of various components in the system, such as diesel generators, energy storage devices, lines and loads. When the power of generators or loads in microgrid changes dramatically, it may cause the problem that the system frequency exceeding security limit, and result in the potential security risk in the operation of microgrid. Therefore, the dynamic optimization scheduling of microgrid should not only consider the uncertainty of wind power and PV output, but also take into account the frequency response characteristics of various components.
Based on the above analysis, the uncertain fluctuation characteristics of wind power and PV output is considered, a robust optimization scheduling model of microgrid including the frequency response characteristics of various components is established. Benders decomposition algorithm is used to solve the robust optimization scheduling model, and the scheduling scheme of minimizing the total operation cost in the extreme scenario with the highest network loss is obtained, it can guarantee that the system frequency will not exceed the security limit within the uncertain fluctuation range of the distributed wind power and PV output.
ROBUST OPTIMIZATION SCHEDULING MODEL OF ISLAND MICROGRID CONSIDERING THE FREQUENCY CHARACTERISTICS OF DIFFERENT COMPONENTS
The research object of this paper is the energy optimization scheduling problem of an island microgrid with wind, PV plants, diesel generators and energy storage devices, based on this, a robust optimization scheduling model is established.
Objective function
Taking the minimum total operation cost of microgrid in the extreme scenario with the highest network loss as an objective function. 
Where, the first part is generation cost of diesel generators, the second part is depreciation expense of battery operation, and the third part is network loss cost; T is the total number of periods within the scheduling cycle; P g,j,t represents the output of diesel generators of bus j in the t period, a g,j and b g,j respectively represent the two times coefficient and primary coefficient of diesel generators generation cost, S g represents a set of buses of diesel generators; P d,j,t and P c,j,t respectively represent the discharge and charge power of battery storage device of bus j in the t period, c σ and d σ respectively represent the unit depreciation cost of battery charge and discharge, which is related to the State of Charge (SOC) of battery, the higher the SOC, the higher the depreciation cost of unit charge, the lower the SOC, the higher the depreciation cost of unit discharge; S b represents a set of buses of battery storage devices; , , s j t P represents the PV plant active power output of bus j in the t period, , , w j t P represents the wind farm active power output of bus j in the t period, P l,j,t represents the active load of bus j in the t period, C l represents the unit network loss cost, n represents the total number of buses in microgrid.
Constraint Condition
1) Bus active power balance constraint. In the optimal scheduling of microgrid, the power balance of each bus must be satisfied, as shown in formula (2).
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Where, V i,t and V j,t respectively represent the voltage amplitude of bus i and bus j in the t period; δ ij,t represents the voltage angle difference between bus i and bus j in the t period; G ij and B ij represent the corresponding elements of the node admittance matrix.
2) Operation constraints of diesel generators. Including power generation limit constraints and power climbing constraints, as shown in formula (3). , ,
Where, , g j P and , g j P respectively represent the lower and upper limit of diesel generators of bus j, r u and r d respectively represent the rate of climbing and landslide of diesel generators, ∆T represents time interval.
The variation characteristic between active power output and frequency of diesel generators is shown as formula (4).
Where, f t and f N respectively represent the frequency of t period and rated frequency of microgrid; K g represents the frequency regulation effect coefficient of diesel generators; P g,j and P g,j,N respectively represent the actual output and rated output of diesel generators. Considering the two adjustment of frequency, taking P g,j,N as a variable.
3) Operation constraints of battery storage devices. In order to stabilize the uncertain fluctuation of renewable energy in microgrid, the battery energy storage device is introduced. Model constraints include the maximum charge and discharge power constraints, the charge state of energy storage device, and the complementarity of operating states. The battery can only be in one of the states of charge or discharge at each period of t. 
Where, bc P and bd P respectively represent the maximum charge and discharge power of battery, The variation characteristic between active power output and frequency of battery storage devices: In charging state, it is considered that the fluctuation of frequency will not lead to the change of charging power, while in discharging state, it is considered that the active output and frequency of energy storage device satisfy the droop control characteristic, as shown in formula (6) .
Where, K d represents the frequency regulation effect coefficient of battery discharge power; P dN represents the rated discharge power of battery.
4) Frequency characteristics of load.
Where, K l represents the frequency regulation effect coefficient of load; P l and P lN respectively represent the actual power and rated power of load.
5) Frequency characteristics of line impedance.
Where, Z represents line impedance; l represents the length of line; R 0 and L 0 respectively represent the resistance and inductance of unit line length. The change of frequency will cause the change of line reactance, which changes the node admittance matrix of network and affects the operation state of system. 6) System security operation constraints. The voltage deviation of each bus and the frequency deviation of microgrid should not exceed the security limit, as shown in formula (9).
Where, i V and i V respectively represent the lower and upper limit of voltage security of bus i, f and f respectively represent the lower and upper limit of frequency security. 7) Uncertain variable constraints. C is a set of uncertain variables, including such as PV plant and wind power output. Using an uncertain set of boxes, the uncertain variables can be expressed as two parts of the expected value and the disturbance s P =P s,ref +△P s , w P =P w,ref +△P w . Based on the PV plant and wind farm historical data, we can determine the expected value and the variation range of active power output of PV plant and wind farm, and then get the range of uncertainty. Thus the set of uncertain variables C can be expressed as formula (10).
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BENDERS DECOMPOSITION ALGORITHM FOR SOLVING ROBUST OPTIMAL SCHEDULING PROBLEM
The objective function of microgrid robust optimization scheduling model considering the frequency characteristics of components, which contains Min-Max dual-layer optimization problem, and cannot be directly solved by existing optimization solver. In this paper, the Benders decomposition algorithm is used to solve the robust optimization model. the Min-Max structure optimization model in this paper can be decomposed into a main problem and a sub problem and using alternating iteration to solve these two problems. The sub problem is to find the uncertain variables which makes the extreme scenario with the highest network loss; The main problem is to get the scheduling scheme of minimizing the total operation cost of microgrid in the extreme scenario. The sub problem and the main problem are described as follows:
A) The sub problem In order to find the distributed wind power and PV output which makes the extreme scenario with the highest network loss of microgrid, the objective function of sub problem is:
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Where, k represents the number of current iterations. In the sub problem, stochastic variables such as distributed wind power and PV output, state variables such as frequency, voltage amplitude and phase are unknown variables, decision variables such as the power of diesel generators and the charge and discharge power of energy storage devices are all known, constraints of original problem including the unknown variables as the constraints of sub problem, including (2) (4) (6) (7) (8) (10).
If the solution of sub problem has the optimal solution set U (including , ,
; then an optimal cut set is added to the constraints of main problem as follows:
)
If the solution of sub problem is only feasible solution V (including , ,
; then a feasible cut set is added to the constraints of main problem as follows:
B) The main problem The objective function of main problem is the total operation cost of microgrid in the extreme scenario:
The constraints of main problem include not only the optimal cut set (12) or the feasible cut set (13) which is returned by sub problem, but also include the formula (2) ~ (9) of original problem.
The detailed steps of Benders decomposition algorithm to solve the robust optimal scheduling problem are as follows: 1) Initialization: First, the minimum boundary LB of the original problem objective function is set to -∞, and the maximum boundary UB is set to +∞, under the expectation of uncertain variables (P s,t,ref , P w,t,ref ) , the deterministic optimal scheduling problem is solved, and the initial value of decision variables(P
d,j,t ) as a known quantity into the sub problem and solving the problem, then get the current value of uncertain variables(P (0) s,j,t , P (0) w,j,t ) which makes the highest network loss, ordering the number of iterations k=0.
3) If the sub problem is solved to get the optimal solution, then add an optimal cut set (12) to the constraints of main problem. If the sub problem is solved to get the feasible solution, we add a feasible cut set (13) to the constraints of main problem. Taking the uncertain variables which is obtained from the sub problem( ( ) , , k s j t P , ( ) , , k w j t P ) as a known quantity into the main problem and solving the problem, then the optimal solution of decision variables(P
d,j,t ) is obtained, and the lowest limit is updated ( 1) ( d,j,t ) as a known quantity into the sub problem, and solving the sub problem to obtain the optimal solution of uncertain variables( ( 1) , , k w j t P + ), and the highest limit UB is updated, as shown in formula (15). ( 1) ( 1)
5) If UB and LB satisfy UB LB ε − ≤ , ε represents the required convergence precision, the iteration is stopped and the optimal solution is returned. Otherwise, k=k+1, return step 3).
CASE STUDY
Take an island microgrid as an example for simulation analysis, the wiring diagram is shown in Figure 1 , including a diesel generator is at bus 10, two battery energy storage devices are at bus 11 and 13, two distributed PV plants are at bus 1 and 9, a distributed wind power generation is at bus 12, four loads are at bus 6, 7, 8 and 10. Network loss cost C l is 0.65/(yuan/(kWh)). The charging efficiency of battery is 0.85, parameters of the diesel generator are shown in Table 1 , parameters of energy storage devices are shown in Table 2 , load data are shown in Table 3 , network parameters are shown in Table 4 ; load power changes under the rated frequency are shown in Figure 2 , the predicted curves of PV and wind power output are shown in Figure 3 and 4. Frequency security range is set as 49.5~50.5Hz. ε is set as 1E-5. Considering the uncertain fluctuation range of PV and wind power output as a prediction value of ±10%, compared to the deterministic prediction scenario method, the scene method and the robust optimization method proposed in this paper, the optimization results are compared, as shown in Table 5 shows: the network loss cost and the total operation cost is the most expensive of robust optimization, because robust optimization is the result of minimizing the total operation cost in the extreme scenario with the highest network loss within the uncertain fluctuation range of distributed wind power and PV output, it is conservative; When the number of error scenes is more, the total operation cost is closer to the robust optimization result, but a sharp increase in calculation results in long calculation time.
Under the extreme scenario of the highest network loss, the microgrid frequency obtained from deterministic optimization and robust optimization scheduling scheme are compared, as shown in Figure 5 . The deterministic optimization scheduling scheme will appear that the lower security limit of frequency is exceeded in the 19 period. The robust optimization scheduling scheme can ensure that the system frequency will not exceed the security limit in every time period. It is proved that the scheduling scheme which is obtained from robust optimization scheduling method proposed in this paper can effectively deal with the uncertain fluctuation of wind power and PV output, and has the characteristics of robustness. 
CONCLUSION
Considering the uncertain fluctuation characteristics of wind power and PV output, a robust optimization scheduling method of island microgrid considering the frequency characteristics of different components is proposed in this paper. And the day ahead optimal scheduling scheme of diesel generators and energy storage devices in microgrid can be obtained by solving the robust optimization scheduling model. The scheduling scheme can minimize the total operation cost of microgrid under the extreme scenario, and ensure that the system frequency will not exceed the security within the uncertain fluctuation range of distributed wind power and PV output.
